. Inhibition of olfactory receptor neuron input to olfactory bulb glomeruli mediated by suppression of presynaptic calcium influx. J Neurophysiol 94: 2700 -2712, 2005. First published May 25, 2005 10.1152/jn.00286.2005. We investigated the cellular mechanism underlying presynaptic regulation of olfactory receptor neuron (ORN) input to the mouse olfactory bulb using opticalimaging techniques that selectively report activity in the ORN presynaptic terminal. First, we loaded ORNs with calcium-sensitive dye and imaged stimulus-evoked calcium influx in a slice preparation. Single olfactory nerve shocks evoked rapid fluorescence increases that were largely blocked by the N-type calcium channel blocker -conotoxin GVIA. Paired shocks revealed a long-lasting suppression of calcium influx with ϳ40% suppression at 400-ms interstimulus intervals and a recovery time constant of ϳ450 ms. Blocking activation of postsynaptic olfactory bulb neurons with APV/CNQX reduced this suppression. The GABA B receptor agonist baclofen inhibited calcium influx, whereas GABA B antagonists reduced paired-pulse suppression without affecting the response to the conditioning pulse. We also imaged transmitter release directly using a mouse line that expresses synaptopHluorin selectively in ORNs. We found that the relationship between calcium influx and transmitter release was superlinear and that paired-pulse suppression of transmitter release was reduced, but not eliminated, by APV/CNQX and GABA B antagonists. These results demonstrate that primary olfactory input to the CNS can be presynaptically regulated by GABAergic interneurons and show that one major intracellular pathway for this regulation is via the suppression of calcium influx through N-type calcium channels in the presynaptic terminal. This mechanism is unique among primary sensory afferents.
I N T R O D U C T I O N
Olfactory receptor neurons (ORNs) transduce odorant-binding events into action potentials that are relayed to the brain. In rodents, several million ORNs project to the olfactory bulb where they terminate in discrete anatomical structures called glomeruli (Cajal 1911; Shepherd et al. 2004 ). All of the several thousand ORNs expressing the same odorant receptor converge onto the same few glomeruli in the bulb (Mombaerts et al. 1996; Ressler et al. 1994) . Each ORN innervates a single glomerulus, making glutamatergic synapses onto the dendrites of mitral and tufted (M/T) cells, the principal output neurons of the bulb, and with juxtaglomerular interneurons, which are intrinsic to the glomerular layer and make synaptic connections both within and between glomeruli (Shepherd et al. 2004) . Connections among ORNs, juxtaglomerular interneurons, and M/T cells mediate the first synaptic stage of olfactory processing. Understanding the synaptic organization of the olfactory glomerulus is thus important in understanding the initial stages of odor coding.
In addition to a complex network of postsynaptic connections, GABA-and dopaminergic juxtaglomerular interneurons can also presynaptically inhibit transmitter release from ORNs. In rodent olfactory bulb slices, a single olfactory nerve (ON) shock suppresses responses to subsequent ON shocks (Aroniadou-Anderjaska et al. 2000; Ennis et al. 2001; Murphy et al. 2004 ). This suppression is relieved by GABA B and D 2 dopamine receptor blockade (Aroniadou-Anderjaska et al. 2000; Ennis et al. 2001) , and GABA B and D 2 receptors are expressed on ORN axon terminals (Bonino et al. 1999; Koster et al. 1999 ). In the turtle olfactory bulb, presynaptic GABA B and D 2 receptor activation suppresses calcium influx into ORN terminals (Wachowiak and Cohen 1999) , suggesting that transmitters released by juxtaglomerular neurons activate presynaptic receptors that reduce calcium influx through voltage-sensitive calcium channels, leading to a reduction in transmitter release.
Here, we tested whether such a mechanism regulates primary olfactory input to the mammalian brain by imaging calcium influx into ORN presynaptic terminals in mouse olfactory bulb slice preparations. We focused on presynaptic inhibition mediated by GABA B receptors because of their extensive characterization as modulators in other brain regions (Chen and Regehr 2003; Dittman and Regehr 1997; Mitchell and Silver 2000; Pfrieger et al. 1994; Wu and Saggau 1995) . We found that ON shock evoked GABA B receptor-mediated suppression of calcium influx into ORN presynaptic terminals by inhibiting N-type voltage-activated calcium channels. We also investigated the relationship between calcium influx and transmitter release by directly imaging release using synaptopHluorin, an optical reporter of synaptic vesicle exocytosis (Bozza et al. 2004; Miesenbock et al. 1998) . We found that the relationship between calcium influx and transmitter release is superlinear, such that a moderate change of presynaptic calcium influx strongly modulates the amount of neurotransmitter released from ORNs. This relationship was confirmed by recording monosynaptic ON-evoked EPSCs from external tufted cells. Thus primary sensory input to the mammalian olfactory system is regulated presynaptically by feedback inhibition, via a metabotropic receptor-mediated mechanism more common in higher levels of the CNS.
M E T H O D S

Animals
Mice were used in all experiments. For Calcium Green-1 dextran and fluo-4 dextran imaging experiments, C57/Bl6 mice, 4 -8 wk, were used. For synaptopHluorin (spH) and rhod dextran imaging, mice were 4 -6 wk of age and were homozygous (n ϭ 21) or heterozygous (n ϭ 2) OMP-spH mice (Bozza et al. 2004) . Heterozygous mice were F1 progeny of C57/Bl6 and OMP-spH strains. No obvious differences were apparent in ON-evoked spH signals from homozygous versus heterozygous mice, nor have differences in odorant-evoked spH signals been observed (Bozza et al. 2004) . OMP-spH mice are of a mixed (129 ϫ C57/Bl6) background and are available from The Jackson Laboratory (Bar Harbor, Maine), stock No. 4946. All procedures were approved by the University of Maryland and Boston University Animal Care Committees.
Dye loading
For the presynaptic calcium imaging experiments, ORNs were loaded in vivo by intranasal infusion of a 4% dye solution as described in detail elsewhere Cohen 2001, 2003) . After the loading procedure, mice recovered from anesthesia and were held for 3-8 days before preparation of slices for imaging. One of the following four dextran-conjugated calcium-sensitive dyes were used, all from Molecular Probes (Eugene, OR): Calcium Green-1 dextran (10 kDa, No. C3717), fluo-4 dextran (10 kDa, low-affinity version, No. F14240), "high-affinity" rhod dextran (10 kDa, No. R34676), or "low-affinity" rhod dextran (10 kDa, No. R34677).
Slice preparations
Experiments were performed in 350-to 400-m thick horizontal or sagittal slices of the main olfactory bulb, prepared as described in Heyward et al. (2001) . Slices were cut in ice-cold artificial cerebrospinal fluid (ACSF), then held at 35°C for 30 -60 min before being maintained at 30°C. All recordings were performed at 30°C. Some experiments used "surface" slices from the dorsal or lateral surface of the bulb to maintain synaptic connections between and within all glomeruli (Aungst et al. 2003) . We found that these surface slices were more resistant to rundown from photodynamic damage. ON shocks were delivered with a twisted stainless-steel bipolar electrode (70 m diam), insulated except at the tips, or with a concentric bipolar electrode (ϳ25 m tip diam) from FHC (Bowdoinham, ME). Constant-current stimuli, 50 -500 A, 0.1-ms duration, were generated using a stimulus isolator.
Optical and electrophysiological recordings
Optical signals were recorded using fluorescence epi-illumination on a standard upright, fixed-stage compound microscope (Olympus BX-51WI). The slice was illuminated using a 150-W Xenon arc lamp (Opti-Quip) and one of the following filter sets: Calcium Green-1 dextran and fluo-4 dextran, exciter: 500/25 nm, dichroic: 525LP, emitter: 530LP. For synaptopHluorin, exciter: 480/40 nm, dichroic: 505LP, emitter: 535/50 nm. For rhod dextran, exciter: 540/25 nm, dichroic: 555LP, emitter: 620/60 nm. Depending on the desired magnification, one of the following water-immersion objectives was used: ϫ40 (0.8 N.A.), ϫ20 (0.95 N.A), ϫ10 (0.3. N.A), all from Olympus. To minimize photobleaching, lamp output was attenuated using neutral density filters such that the photon flux reaching the CCD camera was ϳ50,000 photons/ms/pixel. Fluorescence changes were recorded using a cooled, back-illuminated CCD camera (NeuroCCD, RedShirtImaging, Fairfield, CT) at 80 ϫ 80 pixel resolution. For some experiments, the camera was kindly provided by Dr. L. B. Cohen (Yale University). Optical signals were acquired at frame rates of 125-1,000 Hz, digitized at 14-bit resolution and saved directly to disk. Data acquisition, shutter control, and stimulus triggering were performed using Neuroplex software (RedShirtImaging, Fairfield, CT).
Whole cell voltage-clamp recordings from external tufted cells were performed in preparations separate from the optical recordings following protocols described previously (Hayar et al. 2004 ). Electrode tip diameter was 2-3 m, and tip resistance was 5-8 M⍀. Seal resistance was Ͼ1 G⍀. Data were recorded using a Multiclamp 700A patch-clamp amplifier (Axon Instruments, Foster City, CA) and digitized and stored on disk under the control of pClamp software (Axon Instruments). All recordings were made from a holding potential of Ϫ65 mV.
In experiments measuring the relationship between extracellular calcium concentration and transmitter release, the concentration of CaCl 2 in the artificial cerebrospinal fluid (ACSF) was changed from its control value of 2.0 mM to 0.25, 0.5, 1.0, or 4.0 mM. At CaCl 2 concentrations Ͻ2.0 mM, control CaCl 2 was replaced by an equimolar concentration of MgCl 2 . All experiments were performed at 30°C and using a chamber perfusion flow rate of 2-3 ml/min. For experiments in which excitatory postsynaptic currents (EPSCs) were recorded, each experiment began with control ACSF (2 mM Ca 2ϩ ); after establishing stable control responses, the slice was superfused with ACSF contained 0 mM Ca 2ϩ until the ON-evoked response disappeared (ϳ10 min). The perfusion was then switched to ACSF containing different external calcium concentrations [Ca 2ϩ ] ext . After each change of [Ca 2ϩ ] ext , the chamber was allowed to equilibrate for 7 min; then a series ON-evoked EPSC recordings were repeated at intervals of ϳ3 min to confirm that the responses were stable in the test solution. At least six trials were averaged at each [Ca 2ϩ ] ext. For experiments in which spH signals were recorded, to minimize rundown due to bleaching and photodynamic damage, 0 mM Ca 2ϩ was not introduced to minimize the number of trials taken and shorten the experimental protocol. Instead, different [Ca 2ϩ ] ext were introduced immediately after recording responses in control (2 mM) Ca 2ϩ . ON-evoked spH signals were then recorded after 10 -15 min of perfusion time. Four to eight trials were taken at each concentration and checked for consistency across trials before averaging to obtain a response amplitude measurement. In most slices, several different concentrations were tested in series, and the order in which they were tested was varied across experiments.
Drugs and solutions
For Calcium Green-1 dextran imaging, the ACSF consisted of, in mM, 120 NaCl, 3 KCl, 1.3 CaCl 2 , 1.3 MgSO 4 , 10 glucose, 25 NaHCO 3 , and 5 BES (Heyward et al. 2001) . For all other experiments (rhod dextran and spH imaging and EPSC recordings), the ACSF consisted of 124 NaCl, 3 KCl, 2CaCl 2 , 1.3 MgSO 4 , 10 glucose, 26 NaHCO 3 , and 1.25 NaH 2 PO 4 (Chen and Shepherd 1997) . Several Calcium Green-1 dextran experiments performed using the latter ACSF produced similar results as with the first but were not included in the summary statistics. Pipette solution used for the voltage-clamp recordings consisted of (in mM) 125 K gluconate, 2 MgCl 2 , 10 HEPES, 2 Mg 2 ATP, 0.2 Na 3 GTP, 1 NaCl, and 0.2 EGTA. All pharmacological probes were dissolved from stock solutions in ACSF and applied by perfusion through the recording chamber. In all experiments, drugs were perfused until a steady-state effect was reached (similar response amplitudes over 3 successive trials). For the conotoxin experiments, 10 -20 min of perfusion was required to reach steady state. CGP55845, CGP54626, 6-cyano-7-nitroquinoxaline (CNQX), 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX), D,L-2-amino-5-phosophonopen-tanoic acid (APV), and (Ϯ) baclofen were from were from Sigma/RBI (St. Louis, MO) or from Tocris (Ellisville, MO). -conotoxin GVIA and MVIIA were from Alomone Labs (Jerusalem, Israel) or from Tocris.
Data analysis
To measure ON-evoked response amplitudes, optical signals were averaged from pixels overlying a responding glomerulus. In some cases, two to eight trials, delivered at an inter-trial interval of 30 -60 s, were averaged to improve the signal-to-noise ratio. For the Calcium Green-1 dextran measurements, signals were digitally filtered from ϳ0.5-50 Hz using a low-pass Gaussian and high-pass RC filter (both filters have a low sharpness). Rhod dextran signals were filtered from ϳ0.5-25 Hz, and spH signals were only low-pass filtered at 15 Hz. In preparations showing significant photobleaching (including all spH recordings), photobleaching of the baseline fluorescence was corrected by subtracting low-pass filtered, no-stimulus trials or by scaling and subtracting signals from nonresponding glomeruli in the same slice. To measure test pulse responses in the paired-pulse experiments, ongoing decay of the signal evoked by the conditioning pulse was corrected in one of two ways. In calcium dye experiments with ISIs Ն 200 ms, the high-pass filter was sufficient to produce a stable baseline before the test pulse was delivered. In experiments with shorter ISIs and in the spH experiments, trials consisting of only a conditioning pulse were subtracted. After averaging, bleach-and blank-subtraction and temporal filtering, response amplitudes were measured by subtracting the average fluorescence during a 10-to 40-ms time window just preceding stimulus onset from that of an equivalent time window beginning at the peak of the response. Fractional fluorescence changes were calculated by dividing response amplitude by the resting fluorescence averaged over five frames of the prestimulus period. Because intrinsic fluorescence from the preparation was negligible (typically Ͻ10% of fluorescence in labeled glomeruli), no attempt was made to correct for it. We sometimes observed rundown of response amplitudes during the course of an experiment (see RESULTS), but we did not attempt to correct for this rundown. Instead, a minority of experiments in which rundown exceeded 25% in the four to five trials preceding a drug application were discarded from the dataset. Glomeruli showing Ͼ10% variability in response amplitude over three repeated trials were also discarded.
Data from the Ca 2ϩ concentration experiments (spH and EPSC measurements) were first normalized to the response to control (2 mM) Ca 2ϩ and then averaged across preparations. The averaged response values were then fit to a Hill function of the form
where R is the normalized response amplitude, [Ca 2ϩ ] is the Ca 2ϩ concentration (in mM), k 1 ⁄2 is the Ca 2ϩ concentration corresponding to half-maximal R, n is the cooperativity coefficient, and V max is the maximal response amplitude. V max , n, and k 1 ⁄2 were all free parameters in performing the fits. Fitting was performed using Origin (Microcal Software, Northhampton, MA).
Additional data analysis was performed using Neuroplex and custom software written in Matlab (Mathworks, Natick, MA) and LabView (National Instruments, Austin, TX).
R E S U L T S
Imaging presynaptic calcium signals in vitro
Loading mouse ORNs with Calcium Green-1 dextran (CGD) in vivo (Wachowiak and Cohen 2001) labeled many glomeruli in the olfactory bulb. In transverse olfactory bulb slices, individual glomeruli and a well-labeled olfactory nerve layer were easily resolved; no fluorescence was observed in infraglomerular layers (Fig. 1A, left) . Discrete glomeruli, along with bundles of innervating axons, were also easily resolved in slices cut parallel to the dorsal or lateral surfaces (surface slices) of the olfactory bulb (Fig. 1A, right) , which leaves the olfactory nerve layer and glomerular layer intact (Aungst et al. 2003) .
Single shocks to the olfactory nerve (ON) layer, or to ORN axon bundles in surface slices, evoked CGD fluorescence signals in one to several glomeruli. Fluorescence increases in different glomeruli ranged in amplitude from 0.5 to 6% ⌬F/F but were typically 1-2% ⌬F/F. These amplitudes are similar to those evoked by odorant stimulation in vivo (Wachowiak and Cohen 2001) . Their relatively small size presumably reflects the fact that not all ORN axons are activated by ON shock and the fact that calcium influx is restricted to only a small portion of axon within the glomerulus ). ON-evoked signals were localized to individual glomeruli, with small-amplitude signals (Ͻ30% of glomerular signal amplitude) sometimes seen in the olfactory nerve layer or in innervating axon bundles. In transverse slices, ON-evoked CGD signals were typically seen in one to four glomeruli near the stimulating electrode. In surface slices, ON shocks could evoke signals in glomeruli up to ϳ1 mm distant from the electrode; increasing stimulus intensities recruited activation of additional glomeruli. In most preparations, evoked responses were stable, showing rundown of Ͻ10% after 10 -20 trials delivered over a period of 10 -30 min. Some glomeruli showed a gradual rundown of 10 -20% over this many trials. This was likely due to photodynamic damage because rundown was not observed when the preparation was not illuminated for long (10 -20 min) intervals.
ON-evoked CGD signals were rapid in onset and decayed slowly (Fig. 1B) . The time to peak of CGD signals evoked by a single 0.1-ms nerve shock was 7.1 Ϯ 0.4 (SE) ms (n ϭ 9 glomeruli sampled at 1-kHz frame rate). The decay of the signal during the first 500 ms of the response was well fit by a single exponential with time constant 241 Ϯ 8 ms (n ϭ 8 glomeruli sampled at 100 Hz). CGD signal amplitude was graded with stimulus intensity (Fig. 1D) , with threshold intensities typically at 50 -100 A. Neither the rise time nor the decay kinetics of the calcium signal changed significantly with stimulus intensity (Fig. 1D) , consistent with the assumption that increasing stimulus intensity activates increasing numbers of ORN fibers.
-conotoxin GVIA (500 nM), a blocker of N-type voltageactivated calcium channels, reduced the amplitude of the ONevoked CGD signal to 30 Ϯ 1% of predrug values (n ϭ 23 glomeruli in 9 slices; Fig. 1C ). -conotoxin MVIIA (1-2 M), another N-type calcium channel blocker, had a similar effect on CGD signals (mean response amplitude, 31.5% of predrug values, n ϭ 2 glomeruli in 2 preparations). There was no difference in the decay time constants of the calcium signal remaining after -conotoxin GVIA treatment (P ϭ 0.2, paired t-test, n ϭ 13; Fig. 1C ). These results indicate that the majority of the CGD signal reflects calcium influx through N-type, voltage-activated calcium channels. The residual CGD signal seen in the presence of -CTX may reflect calcium influx through other channel types or release of calcium from intracellular stores.
Paired-pulse suppression of presynaptic calcium influx
After a conditioning ON stimulus, CGD signals evoked by a subsequent (test) ON shock were depressed. Figure 2A shows CGD signals evoked by paired ON shocks delivered at a 400-ms interstimulus interval (ISI). In this example, the response evoked by the test stimulus is ϳ70% of that evoked by the first conditioning stimulus. Because some paired-pulse depression (PPD) of the CGD signal may be expected due to saturation of the high-affinity CGD molecule (kDa ϳ 540 nM) (Kreitzer et al. 2000) , we also measured ON-evoked signals after loading ORNs with lower-affinity calcium indicators. We tested three additional indicators: fluo-4 dextran (kDa ϳ 3.1 M) (Kreitzer et al. 2000) , "high-affinity" rhod dextran (kDa ϳ 1.4 M) (Beierlien et al. 2004) , and "low-affinity" rhod dextran (kDa ϳ 3.9 M) (Beierlien et al. 2004 ) and measured similar levels of PPD. At a 400-ms ISI, the pairedpulse ratio of test to conditioning response amplitude was 0.68 Ϯ 0.02 (n ϭ 37) for CGD, 0.64 Ϯ 0.03 (n ϭ 3) for fluo-4 dextran, 0.57 Ϯ 0.02 (n ϭ 26) for high-affinity rhod dextran, and 0.65 Ϯ 0.02 (n ϭ 6) for low-affinity rhod dextran. Thus the observed PPD was not primarily due to the affinity of the dye but rather to synaptic mechanisms. Trace is a single trial with no temporal filtering. A no-stimulus trial was subtracted to remove drift due to photobleaching. C: effect of -conotoxin GVIA (500 nM) on ON-evoked calcium influx (different preparation than in B). Each trace is the average of 4 trials and is high-pass filtered at 0.35 Hz. Gray trace shows the response in -conotoxin scaled to the same amplitude as the control response. D: effect of increasing stimulus intensity on ON-evoked responses. Left: superimposed traces showing responses to ON shocks of intensities ranging from 300 -800 A (the maximal intensity used in all data analyses was 500 A). Right: same data as at left, but with traces scaled to the same peak response amplitude (the response to 300 A is omitted). The rise time and decay kinetics of the calcium signal are the same at all stimulus intensities. Traces are not temporally filtered. EPL, external plexiform layer; GL, glomerular layer.
We investigated the time course of paired-pulse suppression using ISIs ranging from 10 to 2,200 ms and stimulus intensities of 200 -400 A. CGD was used to measure presynaptic calcium influx at longer ISIs (200 -2,200 ms; Fig. 2B ), whereas low-affinity rhod dextran (in separate experiments) was used for shorter ISIs (10 -400 ms; Fig. 2C ). The decay time constant of the low-affinity rhod dextran signal was 78 Ϯ 5 ms (n ϭ 10 glomeruli from 5 slices). With both dyes, we ensured that responses were not saturated by delivering a train of three to five pulses at 20 -50 Hz and confirming that the train evoked a calcium signal Ն50% higher than that evoked by a single conditioning pulse (not shown). For the short ISI rhod dextran recordings, pairs of pulses delivered at 100 Hz evoked responses that were 85-90% higher than that of the conditioning pulse response. We also confirmed that higher stimulus intensities evoked larger-amplitude conditioning responses. The paired-pulse experiments revealed that PPD of ORNs has a slow onset and a long duration. Depression decreased at ISIs Ͻ100 ms, reached a maximum between 100 and 200 ms (paired-pulse ratio of ϳ0.6), and then slowly decayed (Fig.  2D) . The time constant of recovery of the paired-pulse ratio at ISIs of Ն200 ms was 461 Ϯ 108 ms with full recovery taking between 1 and 1.5 s (Fig. 2D ). These findings indicate that a single stimulus to ORN axons elicits a long-lasting reduction of the presynaptic calcium influx evoked by subsequent activity in those axons. The slow onset of this depression is consistent with the idea that the depression is mediated by second-messenger pathways in the ORN presynaptic terminal.
Increasing ON input to a glomerulus by increasing stimulus intensity caused an increase in PPD (Fig. 2D) . We quantified the relationship between magnitude of ON input and PPD by correlating conditioning response amplitude with paired-pulse ratio, using data in which three or more stimulus intensities were tested at ISIs of 400 -500 ms (n ϭ 7 glomeruli, 6 slices; Fig. 2E ). For each intensity series, conditioning response amplitudes (measured with CGD) were normalized to their maximum (the amplitude at maximal stimulus intensity), and paired-pulse ratio was normalized to that measured at maximal intensity. The paired-pulse ratio showed a highly significant inverse correlation with conditioning response amplitude (R ϭ Ϫ0.78, P Ͻ 0.0001, n ϭ 28), indicating that increasing the magnitude of ON input (presumably by activating more ON axons) caused a greater depression of presynaptic calcium influx. Submaximal stimulus intensities (determined in each Increasing stimulus intensity causes an increase in conditioning response amplitude and a smaller decrease in paired-pulse ratio, reflecting increased depression. E: plot of paired-pulse ratio vs. conditioning response amplitude (28 measurements from 7 glomeruli). For each glomerulus, paired-pulse ratio and response amplitude were normalized to their values at the highest stimulus intensity tested (which evoked the largest conditioning response). The line shows a linear fit to these data, with slope Ϫ0.44 (R ϭ Ϫ0.78; P Ͻ 0.001).
glomerulus) were used in the remainder of the experiments described in this study.
It has been hypothesized that glutamate released by ON stimulation evokes release of GABA and dopamine from periglomerular interneurons, which feed back via GABA B and D 2 receptors on ORN terminals to cause PPD (AroniadouAnderjaska et al. 2000; Ennis et al. 2001; Hsia et al. 1999) . To test this hypothesis, we blocked ionotropic glutamate receptors with APV (100 M) and CNQX (20 M) to prevent activation of postsynaptic neurons. As predicted, APV/CNQX reduced PPD (Fig. 3A) , causing an increase in the paired-pulse ratio at 400-ms ISI (measured with CGD) from 0.62 Ϯ 0.04 to 0.76 Ϯ 0.03 (paired t-test, P Ͻ 0.001; n ϭ 13 glomeruli, 7 preparations). This effect reversed quickly on washout of APV/CNQX (paired-pulse ratio ϭ 0.63 Ϯ 0.06; n ϭ 7 glomeruli, 4 preparations). The increased paired-pulse ratio was due entirely to an increase in test response amplitude (Fig. 3, A and B) ; the slight decrease in conditioning response amplitude (7 Ϯ 4%; n ϭ 13) was not statistically significant (P ϭ 0.06, 1-group, 2-tailed t-test) and is likely due to slight rundown of the evoked optical signal, which we did not attempt to correct for in our data analyses (see METHODS). We also tested the effects of APV/ CNQX at ISIs ranging from 10 to 400 ms using low-affinity rhod dextran (Fig. 3C) . The paired-pulse ratio was similar (ϳ0.8) in the presence of APV/CNQX at all ISIs. These results suggest that the interval-dependent component of PPD of presynaptic calcium influx for intervals Ն100 ms can be attributed primarily, if not entirely, to feedback inhibition from postsynaptic olfactory bulb neurons. The remaining suppression observed in the presence of APV/CNQX may reflect a component of calcium channel suppression mediated by pathways intrinsic to the presynaptic terminal, such as calcium channel inactivation. Slight dye saturation is an unlikely explanation for the residual suppression given that it was constant at ISIs Յ400 ms (Fig. 3C) .
GABA B inhibition of presynaptic calcium influx
GABA B receptors may regulate ORN input to olfactory bulb glomeruli (Aroniadou-Anderjaska et al. 2000; Wachowiak and Cohen 1999 ). Thus we next tested whether GABA B receptors mediate the suppression of calcium influx into mouse ORN presynaptic terminals. Similar effects were observed using either Calcium Green-1 or rhod dextrans; summary data are presented using only one or the other dye. The GABA B receptor agonist, baclofen, strongly suppressed the ON-evoked calcium signal (Fig. 4A) . Baclofen (2 M) reduced the presynaptic calcium signal evoked by a single ON shock to 54 Ϯ 4% of predrug values (P Ͻ 0.001; 1-group, 2-tailed t-test; n ϭ 11 glomeruli, 4 slices; high-affinity rhod dextran). With pairedpulse stimulation, baclofen reduced the conditioning response (as expected from the preceding experiment) but had a smaller effect on the test response such that PPD was reduced (paired-pulse ratio ϭ 0.84 Ϯ 0.02; n ϭ 11; P Ͻ 0.001, paired t-test; Fig. 4B ). Thus GABA B receptor activation by an agonist decreased PPD through a decrease in the conditioning response.
GABA B receptor antagonists reduced PPD through an increase in the test response (Fig. 4C) . In the presence of the GABA B antagonist CGP55845 (50 -100 M-no difference was observed between these 2 concentrations), the paired-pulse ratio increased from 0.65 Ϯ 0.03 to 0.79 Ϯ 0.02 (P Ͻ 0.001; paired t-test; n ϭ 13 glomeruli, 7 slices; CGD; ISIs ranging from 200 to 500 ms) with no change (Ϫ3 Ϯ 2.4%; n ϭ 13; P ϭ 0.3; 1-group, 2-tailed t-test) in the conditioning response (Fig.   FIG. 3 . Blocking postsynaptic activity with APV/CNQX reduces pairedpulse depression. A: CGD signals evoked by paired ON shocks (400-ms ISI) before and during application of APV/CNQX (100 M/20 M). Traces are filtered from 0.8 to 25 Hz. APV/CNQX strongly reduces paired-pulse depression. B: summary data showing effect of APV/CNQX on paired-pulse ratio (PPR) of the CGD signal and on conditioning and test response amplitudes. Left bars show PPR measured before and during drug application. Right bars show conditioning and test responses relative to their amplitudes before drug application (---). Paired pulses were delivered at 400-to 500-ms ISIs. There was a significant increase in the PPR and test response, with no change in the conditioning response. C: effect of APV/CNQX is independent of ISI. E, PPR as a function of ISI at short intervals measured with low-affinity rhod dextran (same data as in Fig. 2C) ; F, PPR in the presence of APV/CNQX. *, significant differences between drug and control recordings (P Ͻ 0.05; 2-tailed, unpaired t-test). Numbers indicate number of glomeruli tested in control conditions for each interval. 4D). This effect is nearly identical in magnitude to the effect of APV/CNQX application. As with the APV/CNQX experiments, the residual PPD remaining after CGP55845 application was similar at the different ISIs tested [PPD ϭ 0.79 Ϯ 0.01 (n ϭ 4); 0.81 Ϯ 0.04 (n ϭ 5); 0.74 Ϯ 0.05 (n ϭ 3) for 200, 400, and 500 ms ISIs, respectively]. A different GABA B receptor antagonist, CGP54626 (50 M) had a similar effect (pairedpulse ratio ϭ 0.77 Ϯ 0.04; n ϭ 4; CGD). Together, these results indicate that the paired-pulse suppression seen in control conditions is mediated, at least in part, by activation of GABA B receptors on the ORN presynaptic terminal.
We next tested whether GABA B receptors act on non-N-type voltage-sensitive calcium channels by first blocking N-type channels with 500 nM -CTX GVIA and then applying 50 m baclofen (Fig. 4E) . Baclofen had no effect on the CGD signal remaining after -CTX GVIA application (conditioning response in baclofen, 102 Ϯ 2% of that in -CTX GVIA, n ϭ 17 glomeruli, 5 slices; CGD). -CTX GVIA also eliminated PPD (paired-pulse ratio ϭ 0.96 Ϯ 0.02, n ϭ 23 glomeruli in 9 slices; Fig. 4E ). This result indicates that the effect of baclofen on presynaptic calcium influx is specific to N-type voltage-activated calcium channels. Fig. 3B . Baclofen more strongly suppresses the conditioning response (right bars), causing a significant increase in the PPR (left bars). C: CGD signals evoked by paired nerve shocks (400-ms ISI) before and during application of the GABA B antagonist CGP55845 (100 M). Traces are high-pass filtered at 0.7 Hz with no low-pass filtering. D: summary data showing effect of CGP55845 (50 -100 M) on PPR and response amplitudes as in B. Data include ISIs from 200 to 500 ms. CGP55845 reduces paired-pulse depression by causing an increase in the test response. The conditioning response is unaffected. E: lack of effect of baclofen after blockade of N-type calcium channels with -conotoxin GVIA. Left: traces showing CGD signal before and after application of 500 nM -conotoxin GVIA. -conotoxin reduces the CGD signal and eliminates paired-pulse depression. Right: after -conotoxin application, 50 M baclofen was applied with no additional effect. -conotoxin trace on left and right is the same data with different vertical scaling. Control and -conotoxin traces are the same trials as in Fig. 1C .
Presynaptic calcium influx and transmitter release from ORNs
To further explore the extent to which suppression of presynaptic calcium influx modulates input from ORNs to secondorder neurons, we monitored transmitter release from ORNs using synaptopttluorin (spH), a genetically encoded optical reporter of presynaptic vesicle fusion (Miesenbock et al. 1998) . We recorded optical signals from olfactory bulb slices of mice expressing spH selectively in all olfactory marker proteinpositive ORNs (OMP-spH mice) (Bozza et al. 2004 ). In a recent study, we have demonstrated the utility of these mice for reporting odorant-evoked ORN input to glomeruli in vivo (Bozza et al. 2004) . Olfactory bulb slices showed significant resting fluorescence in glomeruli from ORN axon terminals (Fig. 5A ). This resting fluorescence presumably reflects spH protein in the plasma membrane, as spH localized to the synaptic vesicle is essentially nonfluorescent (Sankaranarayanan et al. 2000) . In some preparations, we loaded ORNs in OMP-spH mice with rhod dextran (high-affinity) to allow simultaneous measurements of drug effects on presynaptic calcium influx and transmitter release in the same glomerulus.
Figure 5B shows ON-evoked rhod dextran and spH signals measured from the same glomerulus. The spH signal has a slower rise time than the rhod dextran signal. The time-to-halfmaximal signal amplitude of the spH signal was 35.3 Ϯ 2.8 ms (n ϭ 12 glomeruli, 6 slices). The spH signal also showed a much slower decay than the presynaptic calcium signal; this presumably reflects the relatively slow process of vesicle endocytosis (Gandhi and Stevens 2003; Sankaranarayanan et al. 2000) . In response to odorant stimulation, recovery of the spH signal can take up to 30 s (Bozza et al. 2004 ); we therefore did not attempt to measure the decay rate of the spH signal in the present experiments. Single ON shocks evoked spH fluorescence increases of 0.3-2% ⌬F/F. As with the presynaptic calcium signals, the magnitude of the spH signal was graded with stimulus intensity (Fig. 5C) , likely reflecting the activation of additional ORN terminals at higher intensities. The amplitude of the spH signal was somewhat lower than that observed in response to odorant stimulation in vivo (Bozza et al. 2004) , possibly because odorant stimulation activates more ORNs and/or elicits a longer train of action potentials in each ORN. Brief high-frequency trains of ON nerve shocks (50 -100 Hz, 50-to 200-ms duration) in slices evoked larger fluorescence increases of 3-7% ⌬F/F, comparable to those seen in vivo (not shown).
We measured the relationship between transmitter release (as measured with spH) and presynaptic calcium influx by imaging responses to a single ON shock in different concentrations of external calcium ([Ca 2ϩ ] ext ). We correlated spH signals with [Ca 2ϩ ] ext rather than with the optically measured presynaptic calcium signal because calcium dye saturation can result in an underestimation of calcium influx, especially at elevated [Ca 2ϩ ] ext (Kreitzer et al. 2000) , and because, in preliminary experiments, we occasionally observed evidence for dye saturation at high [Ca 2ϩ ] ext, even with the low-affinity dextran (data not shown). spH signals were measured at [Ca 2ϩ ] ext ranging from 0.25 to 4 mM ( Fig. 6A ; n ϭ 14 glomeruli from 5 slices; see METHODS). The relationship between spH response amplitude and [Ca 2ϩ ] ext was well-fit by a Hill function with a cooperativity coefficient of n ϭ 2.07 Ϯ 0.14 and k 1/2 of 1.11 Ϯ 0.05. These values are similar to those reported for the ORN-JG neuron synapse using EPSC and fast excitatory postsynaptic potential recordings in the rat olfactory bulb (Murphy et al. 2004) . We independently verified this relationship by recording ON-evoked monosynaptic EPSCs from external tufted cells (n ϭ 10) under different [Ca 2ϩ ] ext in separate preparations ( Fig. 6B; see METHODS) . ET cells, which are readily identified by their spontaneous rhythmic bursting in current clamp, are known to receive monosynaptic input from ORNs (Hayar et al. 2004) ; EPSCs here were confirmed to be monosynaptic based on their short and relatively invariant FIG. 5. Imaging transmitter release from ORNs in vitro using synaptopHluorin. A: confocal image of the olfactory bulb surface of a OMP-synaptopHluorin (spH) mouse, showing spH expressed in the presynaptic terminals of ORN axons. Little or no fluorescence is apparent in incoming axon bundles (contrast with Fig. 1A) . B: traces showing high-affinity rhod dextran signals reflecting presynaptic calcium influx (rhod) and spH signals reflecting transmitter release (spH) acquired in alternate trials from the same glomerulus. Both traces are single trials. The spH signal is low-pass filtered at 15 Hz, and the rhod signal is low-pass filtered at 50 Hz. The rise time of the rhod signal is faster than that of spH but the onset times are similar. C: superimposed traces showing spH signals evoked by increasing ON stimulus intensities. SpH signal amplitude is graded with stimulus intensity, with little change in rise time. Traces are low-pass filtered at 15 Hz. latency ( Fig. 6B ; mean latency across cells, 2.62 Ϯ 0.14 ms; 0.11-ms jitter across trials). These experiments yielded a relationship between [Ca 2ϩ ] ext and EPSC amplitude that was nearly identical to that obtained with spH (n ϭ 2.00 Ϯ 0.16; k 1/2 ϭ 1.12 Ϯ 0.06).
We also reduced presynaptic calcium influx with -CTX GVIA. -CTX GVIA caused a strong reduction in transmitter release as measured with spH (Fig. 6D) . 100 nM -CTX GVIA reduced the spH signal to 15 Ϯ 6% of control values (n ϭ 6 glomeruli, 3 slices) while reducing the presynaptic calcium signal to 38 Ϯ 4% of control (n ϭ 10 glomeruli, 4 slices).
Together, these experiments demonstrate that changes in the amplitude of the ON-evoked spH signal reliably report changes in the amount of transmitter released at the ORN synapse. They also demonstrate, as previously reported (Murphy et al. 2004) , that the relationship between presynaptic calcium influx and transmitter release is superlinear, although less so than at synapses elsewhere in the CNS (Mintz et al. 1995; Bollmann et al. 2000) .
As predicted given the preceding results, the ON-evoked spH signal showed strong paired-pulse depression. The time course of this PPD paralleled that of the presynaptic calcium signal, showing a slow onset and reaching maximum at ISIs of 100 -200 ms (Fig. 7A) . The PPD of the spH signal was consistently stronger than that of the presynaptic calcium signal (Fig. 7A) . At a 400-ms ISI, the paired-pulse ratio for the spH signal was 0.14 Ϯ 0.01 (n ϭ 59 glomeruli, 25 slices) compared with 0.68 Ϯ 0.02 (n ϭ 34) for CGD (P Ͻ 0.001, unpaired t-test). Unlike the presynaptic calcium signal, however, significant depression of the spH signal remained even at the shortest ISIs tested, with a paired-pulse ratio at 20 ms of 0.59 Ϯ 0.04 (n ϭ 15 glomeruli, 8 slices).
As in the calcium signal experiments, PPD of the spH signal was reduced by ionotropic glutamate receptor blockade (Fig.  7A) : in the presence of APV/CNQX, the paired-pulse ratio increased from 0.14 Ϯ 0.04 to 0.32 Ϯ 0.06 (P Ͻ 0.001, paired t-test; n ϭ 12 glomeruli, 5 slices; Fig. 7B ). Replacing CNQX with NBQX, which more effectively blocks kainate as well as AMPA receptors, reduced PPD even further, with a pairedpulse ratio at 400 ms of 0.52 Ϯ 0.07 ms (n ϭ 9 glomeruli, 5 slices; Fig. 7C ). As with the presynaptic calcium signal, glutamate receptor blockade increased the test response amplitude with no effect on the conditioning response (Fig. 7C) .
As with the calcium signals, spH imaging also revealed a strong regulation of transmitter release from ORNs by GABA B receptors. Baclofen (2 M) reduced the spH signal evoked by a single ON shock to 17 Ϯ 4% of control values (n ϭ 11 glomeruli, 4 slices; Fig. 8A ). CGP55845 (50 M) mimicked the effect of APV/NBQX, reducing PPD of the spH signal by causing an increase in the amplitude of the test response (paired-pulse ratio increased from 0.11 Ϯ 0.08 to 0.58 Ϯ 0.02; P Ͻ 0.001, paired t-test; n ϭ 11 glomeruli, 4 slices; Fig. 8, B and C). The conditioning response was unaffected (Fig. 8, B and C; 6 Ϯ 4% decrease, P ϭ 0.07; 1-group, 2-tailed t-test). These data indicate that the reduction in presynaptic calcium influx following an initial ON shock is mediated, at least in part, by GABA B receptors; this mechanism also reduces the amount of transmitter released from ORNs and attenuates sensory input to olfactory bulb neurons.
D I S C U S S I O N
Cellular mechanisms underlying presynaptic inhibition of mammalian ORNs
Considerable evidence indicates that input from ORNs onto neurons in the mammalian olfactory bulb is regulated by inhibitory feedback from bulbar interneurons, which are activated either tonically or in response to olfactory nerve input (Aroniadou-Anderjaska et al. effect of -conotoxin GVIA on rhod dextran (low-affinity) and spH signals measured from the same glomerulus. -conotoxin GVIA (100 nM) reduces the rhod signal by ϳ50% (black traces) and reduces the spH signal by ϳ80% (red traces). Rhod traces are high-pass filtered at 0.4 Hz; spH traces are low-pass filtered at 15 Hz. al. 1999; Wachowiak and Cohen 1999) . By selectively imaging calcium influx into and transmitter release from ORN presynaptic terminals, the present study directly demonstrates that ORN input to the bulb is regulated presynaptically and that this modulation is mediated, at least in part, by GABA B receptormediated inhibition of N-type, voltage-activated calcium channels. A similar mechanism regulates olfactory receptor input to the turtle olfactory bulb (Wachowiak and Cohen 1999) . The present results extend these findings to the mammalian bulb and demonstrate that the modulation of presynaptic calcium influx significantly reduces transmitter release from ORNs.
GABA B receptor activation reduces presynaptic calcium influx in other areas of the mammalian CNS, including the retinogeniculate synapse (Chen and Regehr 2003) , the synapse between cerebellar granule cells and Purkinje cells and mossy fibers (Dittman and Regehr 1997; Mitchell and Silver 2000) , and hippocampal CA3-CA1 synapses (Pfrieger et al. 1994; Wu and Saggau 1995) . The reduction is due to a G-protein- mediated downregulation of presynaptic voltage-sensitive calcium channels (Dolphin 1998; Isaacson 1998) . The delayed onset of PPD observed here, together with the downregulation of calcium influx through presynaptic N-type calcium channels caused by baclofen, suggest that a similar mechanism mediates presynaptic inhibition at the ORN-olfactory bulb synapse.
We quantified the relationship between presynaptic calcium influx and transmitter release by recording spH signals and monosynaptic EPSCs while varying the external calcium concentration. With both recording methods, we found that the relationship between calcium influx and release was superlinear, although less so than at other central synapses (Bollmann et al. 2000; Mintz et al. 1995) , a finding also reported by Murphy et al. (2004) for the ORN synapse. In addition, suppressing presynaptic calcium influx with baclofen or with -conotoxin GVIA strongly suppressed the spH signal, consistent with the fact that baclofen eliminates ON-evoked EPSCs in juxtaglomerular neurons of the rat olfactory bulb (Aroniadou-Anderjaska et al. 2000) . We also found that the onset kinetics of paired-pulse suppression were similar for the presynaptic calcium and spH signals. Together these data suggest that the modulation of presynaptic calcium influx has a large impact on transmitter release from ORNs and thus comprises a major pathway by which olfactory input to the CNS in regulated.
Despite the importance of presynaptic calcium influx, other intracellular pathways are likely to play a role in regulating transmitter release from ORNs. For example, 2 M baclofen suppressed presynaptic calcium influx by ϳ50%. The measured relationship between calcium influx and transmitter release (Fig. 6C ) predicts that this suppression should result in an ϳ40% reduction in release, yet 2 M baclofen in fact caused an ϳ80% reduction in the spH signal. Thus GABA B receptors appear to be coupled to additional intracellular pathways that can modulate transmitter release independent of changes in calcium influx. In addition, preliminary experiments with calcium-sensitive dyes and spH in our laboratories suggest that D 2 dopamine receptors also modulate transmitter release from ORNs but via a mechanism that is less dependent on presynaptic calcium influx (data not shown). In other systems, activation of metabotropic receptors (such as GABA B receptors) can modulate release by affecting vesicle release machinery directly (Blackmer et al. 2001 ). In addition, cyclic nucleotides modulate resting calcium levels in ORN terminals and alter both spontaneous and ON-evoked transmitter release (Murphy and Isaacson 2003) . These additional modulatory mechanisms can now be addressed with the presynaptic imaging approaches used in this study.
Strength and time course of presynaptic inhibition of ORNs
Earlier studies characterized presynaptic inhibition at the ORN synapse using field potential or whole cell recordings from olfactory bulb interneurons (Aroniadou-Anderjaska et al. We found that the component of PPD mediated by synaptic feedback (i.e., eliminated by ionotropic glutamate receptor blockade) showed a delayed onset, becoming apparent between 20 and 50 ms and reaching peak magnitude between 100 and 200 ms. PPD remaining after glutamate receptor blockade and at short ISIs may be due to mechanisms intrinsic to the presynaptic terminal, such as synaptic vesicle depletion, activation of Ca 2ϩ -activated Kϩ channels (Isaacson and Murphy 2001; Murphy et al. 2004) or Ca 2ϩ channel inactivation. Nonetheless, the slow onset kinetics of feedback presynaptic inhibition may be important in shaping the temporal dynamics of odorant-evoked input to a glomerulus. Active sniffing in awake rodents occurs at frequencies of 5-10 Hz (Youngentob et al. 1987 ) and presynaptic inhibition may serve to synchronize glomerular inputs to the onset of a sniff or to limit summation and saturation of postsynaptic responses during odorant sampling across multiple sniffs.
Synaptic organization of presynaptic inhibition in the olfactory bulb glomerulus
Although our data demonstrate an inhibition of ORN presynaptic terminals, ultrastructural studies of the glomerulus have provided no evidence for classical axoaxonic synapses onto these terminals (Hinds 1970; Pinching and Powell 1971) . Nonetheless, both GABA B and D 2 dopamine receptors are present on ORN terminals (Bonino et al. 1999; Koster et al. 1999) . These receptors may be activated by spillover from transmitter released at periglomerular-M/T cell synapses. Spillover of glutamate from M/T cells at this same synapse has been hypothesized to enhance excitation of M/T cells (AroniadouAnderjaska et al. 1999; Carlson et al. 2000; Isaacson 1999; Schoppa and Westbrook 2001) . Signaling via spillover is well established in many other areas of the CNS (Dittman and Regehr 1997; Rossi and Hamann 1998) .
While we focused on GABA-mediated effects in the present study, multiple transmitter pathways are involved in presynaptic inhibition of ORNs. In the lobster, both GABA and histamine, released from local interneurons, mediate presynaptic inhibition Cohen 1998, 1999) , whereas in turtles and rodents, GABA and dopamine have been implicated (Aroniadou-Anderjaska et al. 2000; Ennis et al. 2001; Hsia et al. 2001; Wachowiak and Cohen 1999) . Other signaling pathways may also be involved. For example, blocking ionotropic glutamate receptor activation, which blocks ON-evoked activation of postsynaptic neurons (Aroniadou-Anderjaska et al. 1999; Aungst et al. 2003; Keller et al. 1998) , did not completely eliminate PPD of either calcium influx or transmitter release as measured with spH. Potential transmitters that might be involved in this remaining depression include glutamate acting via presynaptic metabotropic glutamate receptors, and adenosine or ATP acting via P 2 X receptors, which are expressed on ORN somata (Hegg et al. 2003) .
Functional organization of presynaptic inhibition
The functional role of presynaptically regulating primary olfactory input to the CNS remains unclear. Postsynaptic processing at this level of the olfactory pathway is organized around the glomerulus, an anatomical and functional unit receiving highly convergent input from homotypic olfactory receptor neurons (Mombaerts et al. 1996; Treloar et al. 2002) and containing a complex network of synaptic interactions among local interneurons and the dendrites of olfactory bulb output neurons (Hayar et al. 2004; Shepherd et al. 2004) . A subpopulation of interneurons, the short axon cells, extends between glomeruli and excites GABAergic interneurons, which in turn postsynaptically inhibit M/T cells, resulting in lateral inhibitory interactions among glomeruli (Aungst et al. 2003) . Whether the GABA released by this interglomerular circuitry also mediates presynaptic inhibition of ORN terminals is unknown. If so, then one important role of presynaptic inhibition would be to refine spatial patterns of odorant-evoked input to different glomeruli. At the same time, however, our data show that presynaptic inhibition also occurs in the same glomerulus receiving input because we observed strong PPD in preparations in which only a single glomerulus was activated. This self-inhibition may function as a gain control mechanism, preventing saturation of postsynaptic responses in the face of massively convergent afferent inputs. Intraglomerular presynaptic inhibition may also shape the temporal dynamics of odorant-evoked input to a glomerulus. Several recent studies have used presynaptic calcium imaging and spH signals to characterize how odorants are represented in terms of spatiotemporal patterns of glomerular input (Bozza et al. 2004; Spors and Grinvald 2002; Wachowiak and Cohen 2001) . These studies have reported graded response amplitudes across a wide range of odorant concentrations as well as complex, glomerulus-specific temporal dynamics of the presynaptic calcium signal. It will be interesting to investigate how these response features are shaped by presynaptic inhibition in vivo.
